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Si-C atomic bond and electronic band structure of a cubic Si_,C, alloy
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We apply thesp®s* tight-binding model to study the electronic energy band structure of the CUpiGGi
alloy. First by the effective medium approximation where local atomic fine structures are averaged out, it is
obtained that the energy band gaps of both relaxed and straipnegCgialloys increase with increasing C
content. The effect of the local Si-C atomic bond structure on the energy band is studied in the real space in
order to include the actual broken translational symmetry in the, 8, alloy. The electronic local densities of
states are investigated and the following is concludadWhen Si-C bond length in the alloy assumes the
crystal SiC onéstrained alloy, an electronic state at the C atom and its surrounding Si atoms is induced in the
energy band gap of crystal Si. The valence band edge is slightly lifted. The results indicate a type | energy band
alignment for strained $i,C, /Si quantum well(b) When the Si-C bonds assume the Si-Si bond length of the
crystal Si(relaxed alloy, the electronic states are not much modifig®0163-18208)07535-3

[. INTRODUCTION of the Si-C bond and its surrounding Si-Si bonds in the alloy
that lacks the translational symmetry. Because of the lack of
The realization of many kinds of electronic and optoelec-the translational symmetry, we shall perform the numerical
tronic devices in strained layer;Si Ge /Si heterostructures investigation in the real space.
has stimulated a great interest in investigating IV-IV binary  The theoretical investigation is divided into two parts. We
and ternary alloys? However, the strained epitaxial presentin Sec. Il the results based on the effective medium
Si; _,Ge, layers without misfit dislocations can be grown on approximation. The local environment effects are the focus
a Si substrate only by a low-temperature growth technique.of the work. Due to the broken translational symmetry in the
Moreover, the application of §i,Ge,/Si materials is re- alloy the local Green’s function theory is applied in Sec. IV
stricted by the strain in the epilayers. to study the dependence of the local density of energy states
To compensate the strain, C atoms with an atomic diamen the Si-C atomic bond structure. Discussions and summary
eter smaller than the ones of both Si and Ge atoms are intrére made in Sec. V.
duced into the Si-Ge system to form; Sj_,GegC, alloys.
The substitutional C atoms inSi,C, and related alloys also II. ENERGY BAND STRUCTURE OF
offer an additional parameter for tailoring the energy band Sij_,C, ALLOY AT SMALL k
structuré? The investigation on $i,C, and related alloys is . )
thus of great importance to understand the band-gap engi- Because we concentrate on the §C, alloy with low C
neering for Si-based semiconductor materials. content, the diamond crystal lattice structure is assumed for
Recently, Sj_,C, and related alloys with substitutional C the alloy here. _ _
atom composition above 1% have been experimentally ob- AS developed by Vogl, Hjalmarson, and DSwye intro-
tained on Si substrates by low-temperature growth techduce five Lovdin orbitals,[s), |p,), [py). [p,), and|s*), at
niques(although carbon bulk solubility in Si is only about €ach atomic site; . The Hamiltonian matrix element is de-
10 %% at the melt point>* Many efforts, both theoretical Noted ash(ap,ij) between thexth orbital on theith atomic
and experimental, have been performed to characterize tidt€|e.i) and thegth orbital onjth site|,), where either

energy band structure of Si,C, and related alloy*~” So i=]j oriis a nearest neighbor gfThe values of these matrix
far the understanding of the electronic energy band structurééments are listed in Table | for crystal Si, C, and 3i@.
of such materials is limited. Table | the diagonal elements are denotedEa@rbital en-

In 1983 Vogl, Hjalmarson, and Dow published their re- erg!es), and the off-diagonal elements ave(interaction en-
sults of a sp’s* nearest-neighbor semiempirical tight- €rgies.
binding theory of energy bands in zinc blende and diamond In Ref. 8, the top of the valence banHjs=0, is the
structure material® The theory was developed from teg®  reference energy for every individual material. Referring to
tight-binding model of HarrisofiIn this work we shall study the C energy band, an energy band offset between C and
the electronic energy band structure of the cubig §¢,  SIiC, €(SIC)=I"14(SiC)—I'15(C) is to be added to the SiC
alloy based on this model. orbital energies. Similarly, an energy band offsiSi)

As compared with early theoretical studies, e.g., Refs. 16=1"{5(Si)—I'i5(C) is to be added to the Si orbital energies.
and 11, the present study shall focus on the microstructuréSrom available valuegthe electron affinity of diamond is
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TABLE I. Energy band structure parameters for $Es* tight- h(aB,ij)=h(aB,ri—r;)
binding band calculation. !

H(aB,kq)= 6y H(apB.k)

Si C SiC
E(s,a) —4.2000 —4.5450 —8.4537 =5k,q2 h(ap,ij)exdik-(ri—r]1,
E(p,a) 1.7150 3.8400 2.1234 g
E(s*,a) 6.6850 11.3700 9.6534
E(s.0) ~4.2000 45450 —~4.8463 x 2, H(aB k) C(B.k)=E(K)C(a k).
E(p.c) 1.7150 3.8400 4.3466 k
E(s*,c) 6.6850 11.3700 9.3166 (4)
xgii)) i:?igg 22?;_78245000 12'3%2;0 Ina Si-,Cy aII_oy, h(aB,ij) is not invariant_with respect
V(x’y) 45750 11.6700 5 9216 to lattice tran_slanons, E_q$.4) are thus not val_ld. H0\_/ve_ver,
V(s,a,pc) 5'7292 15.2206 9'4900 let us approximaté(aB,ij) by its mean value in the limit of
' ' ' long wavelength (small |k|). In this case, the term
V(sc,pa) 5.7292 15.2206 9.2007 extitk—q)-1)] in Eq. (2)
V(s*a,pc) 5.3749 8.2109 8.7138 ! ’
V(pa,s*c) 5.3749 8.2109 4.4051 exdi(k-ri—q-rj)]=exdik-(ri—r;)Jexdi(k—q)-rj]l,
alA] 5.431(Ref. 12 3.566(Ref. 12 4.360(Ref. 12 (5
Affinity 4.05 2.3(Ref. 14 4.29(Ref. 13 can be approximated as constant over a large area of the
Bandgap 112 550 22 structure(effective-medium approximationLet
. . . Emnh(aﬂ,mﬂ)5r —r . r—r
very substrate-orientation depend&hg value of 2.2 eV is h'(apB,ij)= AL (6)
obtained for(001) orientatior] it is easy to obtain the abso- Emn‘sfm—rn’fi—f;

lute positions of valence band edgé¥ §) below the vacuum
level: 5.17 eV for Si, 6.49 eV for SiC, and 7.8 eV for C.
Thus, e(SiC)=1.31 ande(Si)=2.63 eV. 1 N _

For a Sj_,C, alloy, the interaction elements are obtained ~ H'(aB.ka)~ > h'(agiijexdik-ri—qg-r)], (7)
by the well-knownd 2 scaling rule’ N

The eigenfunction of the system is expressed by and

H'(aB.kq)= ¢ qH' (aB.k)

which is invariant under lattice translations, we then have

>, Cla,i)|ai).
= 8o ' (apih)exdik- (1=,
The coefficients in the above linear combination satisfy the 8
eigenvalue equation XE H'(aB.k)C(B.K)

B 1 1

; h(af,ij)C(B,j)=EC(a,i). (1) =E(k)C(a,k).
1)

The above equations are mathematically identical to &qs.
. . . It must be recalled that the solutions are valid only when
mal;z:}crystals Si, C, and SiC, we apply the Fourier transfor-is small. The approximation is generally acceptable for the
valence band top dt}s, while for the conduction band edge
of an indirect band gap material like Si, more sophisticated
1 ) ) theoretical treatment is required.
Cla,k)= N 2. Cla,i)explik-r), When the Si_,C, alloy is grown on a Si substrate, it is
@) strained when the layer is thin. The atomic bond length is
uniform and fixed by the substrate Si; the atomic bonds be-
1 . , come relaxed when the layer becomes thicker. In the
HlaBka)=5 %: h(ap.ij)exdi(k-ri—q-rj]. effective-medium approximation, the lattice constant of the
relaxed Sj_,C, alloy is obtained by linear interpolation be-
tween bond lengths of C and SiC wher 0.5, it is obtained
from SiC and Si whery<<0.5.
Figure 1 shows the energy dispersion relations of relaxed
> H(aB,kq)C(B,q)=E(K)C(a,k). (3y  and strained $i.,C, alloys as functions of the C mole frac-
8.9 tion y. The positions of the conduction and valence-band
edge are plotted in Fig. 2 as functions of the C content. The
HereN is the number of atoms in the system. wave vectork; corresponding to the conduction-band mini-
Because of the translational symmetry, mal along theX direction is also presented in Fig. 2.

Equation(1) reduces to
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FIG. 1. The energy dispersion

Si, ,C, alloys.y=0, 0.25, 0.50, 0.75, 1.0.

relations of relaxed and strained

Energy [eV]

FIG. 3. The density of states of the crystal Si calculateddy

) ] 120 pairs of(a,b) coefficients;(b) 50 pairs of(a,b) coefficients.

For a strained $i,C, alloy, both the valence and con-
following the increase of the C mole fraction. The band gapyhen we are working with the relatively simpbe®s* tight-
is indirect and increases monotonically with the C mole frac+nding model.
tion. It must be emphasized that the conclusions thus obtained

On the other hand, the valence band of a relaxgd &),  from Egs.(8) about the valence-band edgg:() are gener-
alloy is not much affected by the C mole fraction. The bandyy valid since they are obtained in consistence with the
gap of relaxed 3i.,C, alloy is indirect and increases with ,resymption of smalk. The results about the conduction-
increasingy whe.n y<<0.35. However it becomes a d|rept— band edge of the relaxed,Si,C, alloy may also be valid
band-gap material whep>0.35. The energy band gap in- \yhen y>0.35, since the result indicates a direct band-gap
creases with increasing from 0 to 0.35, then decreases 5ierial with a conduction-band edge lat 0. The results

when increasing/ from 0.35 to 0.5. After that, the energy apoyt the conduction-band edges at fikitare to be exami-
band gap increases again with nated

Let us check the validity of the conclusion that the energy T study more elaborately the conduction-band edge of
band gap increases with in_creasing but smpalt is easy to o indirect-band-gap §i,C, materials, we present in the
see that Eq(6) can be rewritten as following section our further theoretical investigations,

which take into account the broken translational symmetry in

h'=(1-y)hsi+yhsic ©  the si_,C, alloy.

for smally value, wheréhg; andhg;c are interaction elements

in crystal Si and SiC, respectively. Since the energy band
gap is proportional to the interaction elements, the above
equation indicates an increasing energy band gap,0f,6j, Generally speaking, in a Si,C, alloy, except for the

as a function of the C contelthe band gaps of C and SiC restriction of the compositional paramegereach atomic site
are wider than the Si onelt is thus observed that the con- can be occupied by either a Si atomaoC atom. The system
thus lacks the translational symmetry, which is the basis for
wave-function expansion ik space. Equatiofil) has to be
solved in real space. Many numerical methods have been
developed to study the electronic energy band structure in
real space. Among them is the recursion method developed
by Haydock, Heine, and Kell}? which is well suited here

for the study of the local environment effects.

The recursion method constructs a new set of normalized
orthogonal basis, in which the general Hamiltonian matrix is
turned into a tridiagonal form, the diagonal elements of the
corresponding local Green’s function matrix is expressed as
continued fractions of the diagonal and off-diagonal ele-
ments,(a,b) of the tridiagonalized Hamiltonian matrix, from

Ill. LOCAL ATOMIC BOND EFFECT ON
ENERGY BAND STRUCTURE

6 1 ! 1 1

Energy [eV]

T
0.4

T
0.6

which the local densities of states are obtained. The method

has been successfully applied to various syst®ms.
In Fig. 3 we present the calculated density of states of the
FIG. 2. The conduction- and valence-band edges CE and VEGrystal Si using an atomic cluster of 100 149 atoms and a
the energy band gaﬁg, and the wave vector of minimal conduc- cluster with 1 422 260 atoms, Corresponding to 50 and 120
tion band edgé;, of relaxed(solid lineg and straineddotted liney ~ pairs of diagonal and off-diagonéh,b) coefficients, respec-
Si;—,C, alloys. tively. The computer RAM requirement to calculate 120

C mole fraction
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(a,b) pairs is more than 256 Mb, the upper limit of our com- (a)'

putation capability. Here we see a much more accurate band B \l, B
edge determination by 120 pairs @,b) than the one by 50 -
pairs. The numerical fluctuations in the calculated density of
states are induced by the limited space that can be involved.

There have been attempts to solve this probt&rviany ;J
methods use the oscillation propertiegaf) as functions of

n to extrapolatga,b) to much largem. However, the meth-
ods are not valid here since we are discussing random sys- (bﬂ o ' '
tems. We identify the peaks and band edges from artificial -
numerical fluctuations in the local densities of states by com-
paring local densities of states calculated from 50, 100, and
120 pairs of(a,b) coefficients.

Because of the energy band offset, the valence-band edge i i
of the Si is shifted to 2.6300 eV. A peak in the density of w | ]
states is clearly observed at 3.8725 eV below the main con-
duction band. The 3.8725-eV peak is identified as the . T - T -
conduction-band minimal &_;. The energy band gap of the - (©) N
crystal Si thus calculated is 1.1205 eV. - H

Because of the extremely low C content in the SC, o B
alloy usually studied experimentally, the C atoms in the alloy
are approached as uniformly distributed with negligibly
small correlation among them. In theoretical investigations,
the spatial positions of the C atoms in the SiC, alloy can
be generated by random numbers in the computers. We con-
centrate on a system of the crystal Si in which the central Si
atom has been substitutionally replacgdabC atom.

The averaged lattice constant of our relaxed 3C, alloy
is almost the same as the crystal Si because of the low C
content. The orbital energies of the central C atom assume
the ones of the C atom in crystal SiC. The interaction
strengths of the Si-C bonds assume the ones in crystal SiC if
their bond lengths are the same. Otherwise,dhé scaling
rule applies. We consider the following two different Si-C
bond lengths. FIG. 4. The local density of states ¢ the substitutional C

First we shall consider that the Si-C bond lengths in theatom, (b) the first- and(c) the second-nearest-neighbor Si atoms,
alloy are the same as in the crystal SiC’s. The lattice miswhen the Si-C bond lengths assume the Si-C bond lengths in crystal
match thus induced between the central C atom and its fougiC (macroscopically strained Si,C, alloy). (d) is the density of
nearest-neighbor Si atoms applies on the bonds between thtates of crystal Si for comparison.

4 first-nearest-neighbor Si atoms and 12 second-nearest-
neighbor Si atoms. This corresponds to a local strained

Si—yCy alloy. (From the experimental point of View, @ atfacts mainly the local energy band structure of C atom

strained film means that the epilayer has the same IattiCﬁself and its first nearest-neighbor Si atoms as compared

constant as the substrate on which the film has been depo\ﬁqth the crystal Si.

ited, a relaxed epllay_er _has t_he same Iatppe c_onstant as tha The changes of the valence band edge from the C atom to
of the bulk crystal with identical compositianFigure 4a) e neighboring Si atoms and the crystal Si are continuous
shows the local density of states of the central substitutionaﬂﬂ' 9 e Y '

owever, the position of the electronic state below the con-

C atom in such a strained;Si,C, alloy. : L X
SLC, y éiéj_cnon band edge of the crystal Si is constant in the C atom

tically modified by the strain. The valence-band edge at th&"d its surrounding Si atoms, indicating an electronic

C atom moves into the energy band gap of the crystal Si anguasilocal state. .

an electronic state indicated by an arrow in Figg)4n the Figure 5a) shows the calculated local density of states at

energy band gap is clearly observed in the local densities ghe central C atom when the system has the second type of

states, not only at the C atom, but also at its surrounding Spi-C bonds, namely, the bond lengths in the system are uni-

atoms. form as the Si-Si bonds in the crystal Si, which corresponds
The local environment effects are presented in Figs) 4 to a macroscopically relaxed ;Si,C, alloy. Figure 5 indi-

and 4c) [see also Figs. () and 5c)] where the local den- cates that the energy band structure is not greatly affected by

sities of states of the Si atoms of the first and second nearestich a substitutional C atom.

neighbors to the central C atom are calculated. The density Because the changes in the local densities of states in-

of states of the crystal Si is plotted as Figdyfor compari-  duced by the substitutional C atom are rather local, the total

son. It is shown that the introduction of the central C atomdensity of states of the Si,C, alloy can be approximated as

12+ (d') , -

Local density of states (¢V atom) '

1 L
5 10
Energy [eV]
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bond length is closer to the one in the crystal Si than is the
Si-C bond with a crystal SiC bond length. For example, for
V(sc,pa) the relaxed Si ,C, alloy is (4.36/5.433

X 9.2007%=5.932 eV, as compared with 5.73 eV in the crys-
tal Si. It is 9.2007 eV for the strained ;Si,C, alloy, which
naturally results in a much affected local density of states in
Fig. 4. Here again we see that our conclusions are quite
general. They do not depend on the special tight-binding
model we are working with.

@

- (b)
V. CONCLUSIONS AND DISCUSSIONS

We have applied thep’s* tight-binding model to study
the energy band structure of the, §jC, alloy. It has been
discussed, however, that our conclusions about the electronic
energy band structure of the;S|,C, alloy in general do not
depend on this specific tight-binding model.

We have first used an effective-medium approximation to
study the outline of the energy band structure of the 3T,

‘...
'

(05 ' o

—
[\N]
I

Local density of states (eV atom) '
T
1

0.8 - alloy. In this approach all the details concerning local atomic
0.6 - bonds are averaged out. For a strain relaxgd &l alloy, it
0.4 - is found that the band structure changes with varying C com-
0.2 . position in the alloy. The relaxed Si,C, alloy is an indirect
0 : ; ; ' band material and the band gap increases with the increasing
-5 0 5 10 e h he allov b di
Energy [eV] C composition whery<0.35. The alloy becomes a direct

band semiconductor and the band gap decreases with the

FIG. 5. Same as Fig. 4 but for the cases when the Si-C bonihcreasing C content whey>0.35. The band gap increases
lengths assume the Si-Si bond lengths in crystaln$acroscopi- again after reaching a minimum gt=0.5. For the strained
cally relaxed Si-,C, alloy). Si;—,Cy alloy, the energy band is indirect and the band gap
monotonously increases with the increasing C composition.

In order to describe accurately the local atomic bond
structure and its effect on the energy band structure of the
Si,_,C, alloy, we studied the local densities of electronic
states in real space considering the broken translational sym-
wherew is the local density of states of the central C atom,metry in the alloy. For the strain relaxed, SjC, alloy, it is
v;, 1=1,2,3,4, are the ones of the four first-nearest-neighbofound that the energy band structure is hardly modified by
Si atoms, andvg; is the density of states of the crystal Si. the substitutional C atoms.

Itis concluded by the above equation that the energy band However for locally strained $i,C, alloy, the energy
gap of the strained &i,C, alloy decreases with an increas- band gap decreases with increasing C content. Such band-
ing C mole fraction(it is reminded here that we are investi- gap shrinking, different from the prediction of the effective-
gating the Sj_,C, alloy with small C content A type |  medium approximation, is due to the local strain around the
energy band alignment for possible; SiC,/Si quantum  substitutional C atoms, which are randomly distributed in the
wells is expected by Fig. 4. The narrowing of the energySi, ,C, alloy.
band gap of the $i,C, alloy has been reported experimen-  The results indicate the vital importance of the local
tally. A type | band alignment was measured in SC,/Si  atomic bond structure in studying the,; S{C, alloy. By the
guantum wells recently and the redshift of the band edgeffective-medium approximation, all the local fine structures
related photoluminescence has been observed from a highfe completely averaged out, the band gap of the &),
quality pseudomorphic $i,C, layer in Si_,C,/Si quan- alloy increases linearly with the C mole fraction whgns
tum well structures’*® When the C-Si bonds assume the small, which is normally expected by the presumptions in the
Si-Si bond length in the crystal Si, a slightly modified energyeffective-medium approximation.
band structure is observed in Fig. 5 for the relaxed JC, We have neglected the correlation among C atoms in the
alloy. alloy. In addition we have applied thep®s* tight-binding

It is important to note that stretched Si-C boridained model, which neglects many physical phenomena, e.g., the
as compared with the corresponding bond length in crystadpin-orbit interactions that are very important in Si and Si-
SiC) indicate uniform atomic bond length and thus a relaxedrelated materials. Moreover, when calculating or observing
alloy; spatial variation in the lattice constant, and thusthe band gap change induced by the incorporation of C at-
strained alloy, arise when the Si-C bonds become relaxedms, one should be careful to distinguish the substitutional
with respect to the crystal SiC on the other hand. and interstitial C in Si_,C, and related alloys because of the

The modification of the energy band by strain can bedifficulty in introducing substitutional C into Si and the ef-
qualitatively described by the genewdil ? scaling law: The fect of interstitial C on the band gdp.Further investigation
interaction strength of the Si-C bond with a crystal Si-Siabout these important factors is in progress.

V=%(VC+ vitvatvgt ) +(1-y)vg, (10
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